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PXMAL TECHNICAL REPORT 
EVOLOTION OF THE ATMOSPHERE OF VENUS 


The investigation focused on the infl^ience that stratospheric 
chemistry may have on the evolution of the planet. Currently there 
are two collating theories for the escape of hydrogen from the 
Venusian atmosphere. Kumar et al. (1981) argued that the abundance 
of H^ in the bulk atmosphere is ~ 10 ppm. The escape of H is driven 
by the reaction 

o'*’ + H -• OH* + H* 

* 

where the hot hydrogen atom H has enough energy for escape. In the 

o 

Kumar et al. model, the escape rate of hydrogen is of order 1 x 10 
”2 -1 

atoms cm s 

The other theory is due to McElroy (1981) . This model 
assumes a lower concentration of in the atmosphere. The escaping 
atoms are produced by 

* * 

O + H O + H 

* 

where O , the hot 0 atom is produced in 

+ * * 

+ e -• O + O 

7 -2 -1 

This theory predicts an escape rate of H of order 10 atoms cm s 

The chemistry in the stratosphere is caped)le of distinguishing 
these theories. H^ is a important coag>onent in the neutral chemistry, 
via the crucial reaction 


Cl + Hj -• HCl + H 


I 
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Th« modaling of th« stratosphoro has recantly boon coiqpletad, and 
the results are being prepared for publication in the Journal of 
Geopl>ysical Research . 


Manuscript in preparation: 


Y.L. Yung emd w.B. DeMore, Photochemistry of the Strato^here 
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Abatr*^ 


Tht photoe)i«Bistry of th« strato^hart of fonuo has boon aodOIod unlag 
on updntod and ozpandod ehoaieal sohoaoi and tbo roaulta of roooat 
laboratory studloa. Our aodol aatlafaotorlly aoeounts for tbo obaorvatlona 
of CO, O2, 02<^ ) and SO2 in tbo atratoapboro. Oxygon, dorlood froa CO2 
photolyala^ la prlaarlly oonauaod by 0(^ roooablnatlon and oxidation of S&2 
to 82804. Photolyaia of RCl In tbo uppor atratoapboro prooldoa a aajor 
aouree of odd bydrogon radlrala, oaaontlal for tbo oatalytlo oxidation of 
CO. Oxidation of SO2 by w oeeurs in tbo lowor atratoapboro, wltb tbo 0-0 
bond brokon by 8 -i* O2 and 80 802 * Tbo aonaitlolty of atratoapborie 
obealatry to aabiont 82 abundanoo baa boon atudlod and our aodd profora Uio 
hl^ valuo (-10 ppa) rooontly Inforrod froa tbo Ploneor Vonua lonoapborlo 
aoaauroaonta. Tbo laportanoo of tbo pbotooboaioal production of S2O, (80)2, 
82, 82S2O2 and B282O3 la apoeulatod. Our aodollng rovoala a nuabor of 
Intriguing alallarltlea, provloualy unauapoetod, botwoon tbo oboalatry of 
tbo atratoapheroa of Tonua and tbo Earth, and tboao roaulta aro briefly 
preaentod and diaeuaaod. 


1. itttBflftiftttta 


% 


Th« ataoaph«r« of Vonns is ooapoMd prlasrlly of C02* Sasll 
ooaoontrstioos of ohoaloally sotlvo apoelos ouoh ss 00, B2O, HCl, 02(^ ) sod 
SO 2 bsvo boon dotootod In tbo stratospboro. Tba prasoneo of H 2 in the balk 
ataoaphere haa been inferred froa ionoapherio aeaaureaenta. The ourrent 
atatua regarding the abundanoe and distribution of the iaportant oheaioal 
apeeies In the stratosphere is suaaariaed in Table 1. The purpose of this 
paper ia to propose and exaaine a range of photooheaioal aodels that can 
aatiafy the obaenrational oonatrainta, and at the sane tiae are oonsiatent 
with current experlaenta in oheaioal kinetioa, scae of whioh have recently 
been perforaed at the authors* institution. Unfortunately, neither the 
observations nor the kinetios oan be considered ooaplete and definitive, and 
this paper oan only aspire to provide soae aotivation end useful guidelines 
for further work in both areas. 

The stratosphere of Venus above the cloud tops (- go ka) is the region 
where the bulk of solar ultraviolet radiation Is absorbed. Photolysis of 
CO 2 occurs readily by absorption of photons sbortward of 2040 1 (Sbeaansky, 
1972), 


CO 2 4- h CO 4> 0 . (R1) 


The recoablnstlon reaction. 


CO^OfM C024>M (R14) 
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!•( ho««v«r, apin-forbidd«Bt and a Major leaa of atoMlo oxygoa la bbo 
foTMatlon of vlat 


* t 


0 ♦ 0 N 

O2 •»> M 

(H17) , 

0 ♦ Cl 

Cl ♦ O2 

(R44) , 

0 ♦ OH 

O2 ♦ H 

(R28) . 


One would axpeot* on tba baaia of alaplo photoohealoal arguaonta, that CO 
and O2 should be abundant and that the ratio 00:02 would be about 2:1. The 
observed nixing ratio of CO at the oloud top is 4.5 x 10*5 (Connes et al.* 
1968). The upper liait for O2 is 1 x 10*5 (Traub and Carleton, 1974). A 
suooesaful oheaioal aodel must account for the defioienoy of CO in the upper 
ataosphere, and the extreme soaroity of relative to CO. 

£arly photoobeaioal aodels have oonoentrated on the reooabination of 
CO2 aediated by oatalytio oyoles involving CIO, (Cl, CIO, CIQO, CI2) (Prinn, 
1971) and HO* (H, OH, HO2, H2O2) radicals (McBlroy et al., 1973; Sxe and 
McElroy, 1974), derived from photolysis of UCl (Connes et al., 1967; 
MoEli*oy, 1970). Prinn (1971) proposed the scheae: 

1/2 (Cl ♦ O2 ♦ M ClOO ♦ M) 

1/2 (ClOO ♦ CO CO2 ♦ CIO) (I) 

1/2 fClO CO Cl ♦ CO2) 


net 00 ♦ 1/2 O2 C02 
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Btoognislag th« poasibl* laport«no« of hydroxyl rodioolOf MoBlroy ot ol« 
(1973) oonsldorod two sehoatot firot propoaod for tho Martioo otaoophoro 
(HoBlroy and Oonahuo« 1972; Parklnaon and Huntoot 1972) t 



H O 2 ♦ N 
0 ♦ BOj 
CO <*> OH 

BO 2 N 
OB ♦ O 2 
CO 2 R 

(B22) 

(R3D 

(R25) 

(H) 

net 

CO ♦ 0 

CO 2 




H ♦ O 2 ♦ N 

HO 2 ♦ H 

(R22) 



1/2 (2 BO 2 

Rp®2 * ®2^ 

(R35) 

(111) 


1/2 (H 2 O 2 ♦ 

h 2 OH) 

(R6) 



CO ♦ OH 

CO 2 ♦ H 

(R25) 



net CO ♦ 1/2 O 2 CO 2 

More recently Krasnopol'akil and Parahev (19d0a(b) and the present authors 
Independently considered the soheaes: 


CO ♦ Cl <*• M 

COCl H 

(R92) 

OOCl ♦ O 2 

CO 2 * CIO 

(R94) 

1/2 (CIO CIO 

CI 2 ♦ Q 2 ) 


1/2 (CI 2 ♦ R 

2 Cl) 

(R87) 
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net 


00 * 1/2 02 CO2 


CO f Cl f M 

COCl M 

(R92) 

COCl O2 

CO2 CIO 

(R94) (IVb) 

1/2 (CIO ♦ CIO 

Cl <•> ClOO) 


1/2 (ClOO 4- M 

Cl ♦ O2 ♦ M) 

(R89) 


net CO ♦ 1/2 O2 CO2 

We may note that the effectlveneaa of the catalytic cyclea I-IV depends 
critically on the abundance of trace amounts of radical species. In schemes 
I and IV great stability of the complexes ClOO and COCl towards thermal 
decomposition Is required. Subsequent kinetic studies, to be elaborated In 
a later section, suggested that, with the exception of scheme II, all the 
above schemes are of limited application to the atmosphere of Venus. 

The presence of COS and H2S In the lower atmosphere of Venus was 
predicted by Lewis (1970) on geochemical grounds. The possibility of 
oxidation of reduced sulfur to oxidized sulfur compounds was recognized by 
Prlnn (1971). Following the suggestion that the clouds of Venus are 
composed of sulfuric acid (Sill, 1972; Young and Young, 1973)> It was 
recognized (McElroy et aln 1973; Prlnn, 1973t 1975; Sze and MoElroy, 1974; 
Wofsy and Sze, 1975) that the availability of O2 could limit the production 
rate of H2S0]|* Prlnn (1973t 1975) propoaed a scheme for oxidation of COS to 
H2SO4 using the O2 derived from CO2 photolysis: 
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COS ♦ h 

CO -v S(1 d) 


S(b) f M 

S ♦ N 


S •*. 0^ 

SO f 0 

(M6) 

SO ♦ OH 

SO2 H 

(R53) 

SO2 ♦ RO2 

SO3 4> OH 

(R59) 

SO3 H2O «■ N 

H2SO4 * M . 

(H64) 


This scheme can be roughly summarized as: 

COS 2 O2 <1- H2O ♦ (HOx) 

CO? •*> H2SOH <*> (HOx) t 

where the hydroxyl radicals HO, play « crucial role as catalyst. 
Qualitative calculation^ performed by Prinn (1973i 1975) demonstrated that 
scheme V could indeed be a major path for destroying O2 and producing H2SO11. 
However, COS has roc been positively identified in the lower atmosphere 
(Hoffman et al., 1980a; Hoffman et al., 1980b; Oyama et al., 1980). Prinn 
(1971, 1973* 1975. 1978, 1979) argued that COS could be readily destroyed by 

COS S CO ♦ S2 . 

Indeed, there is strong olroumstsntial evidence for the presence of 
polysulfur in the spectrum taken by Venera 11 and 12 below 38 km (Horoz et 
al., 1980; San'ko, 1980). This lends support to Prlnn's argument. In this 
work we will not discuss the chemistry of COS. 
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TIm dlaoovvry of tho first gsstous sulfur spsolts-, SO2, os Vsnus (Bsrksr, 
1979) snd Its oonflrastion by Convsy (1979)* St«»wsrt st si. (1979)» snd 
Esposito St si. (1979) letl Hlnlok snd Stsusrt (1980) to sxsnlns tbs 
pbotoobsalstry of SO2 in * fslrly oonprsbsnslvs aodsl intolving tbs 
Intsrsotlon of oblorlns, bydrogsn, or/gsn snd sulfur ooapounds. Tbs 
pbotoobsalstry of SO2 la inltlstsd by absorption of photons abortwsrd of 
2190H (Oksbs, 1978), 


SO2 4. b SO 4> C (R9) . 


Tbs rseoablnstion rsaotlon 


so ♦ 0 ♦ M SO2 ♦ M (R50) 


la, bousvsr, sxtrsasly fast (Hsapson, 1980) and bsnos photolysis of SO2 8oss 
not always load to nst dsstruotlon. Oxidation of SO2 to H2SO4 la, of 
courss, a nst sink. In addition to oxidation schsaes using HOx radicals 
(Prlnn, 1973. 1975), Hlnlck and Stswart (I98C) rscognizsd tbs laportanos of 
two new scheaes: 


1/2 (SO ♦ h 
1/2 (S * O2 
SO 2 ♦ 0 ♦ M 
SO3 <«> H2O 4> M 


S ♦ 0) 

SO ♦ 0) 

SO3 ♦ M 
H2SO4 M 


(RB) 

(R46) (Via) 

(H57) 

(R64) 
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o«t 8O2 ♦ 1/2 O2 H2O H28O11 


1/2 ( SO2 ♦ h 
1/2 ( 2S0 
1/2 ( S O2 
SO2 ♦ 0 ♦ M 
SO3 ♦ H2O ♦ M 


80 ♦ 0 ) 
802 ♦ S ) 

SO 0 ) 
SO3 M 
H2SO11 ♦ M 


(?Ib) 


Mt 8O2 ♦ 1/2 O2 ♦ H2O H2SO4 

The Ulnlck-Stewart model aueoeaafully reproduoea the obaerved SO2 
dlatrlbutlon, with an appropriate eboioe of the eddy dlffuaivity profile. 
But the model prediotlona for the oonoentratlona of CO and O2 are about 
factors of 3 and 50t respeotlvely, higher than those allowed by 
observations. 

The large oonoeotration of O2 predicted by the Hinick-Stewart model is 
surprising, especially since the authors have introduced two new powerful 
catalytic cycles for breaking the 0>0 bond: 

SO ♦ h 8 4. 0 (B6) 

8 ♦ O2 SO ♦ 0 (B46) (Vila) 


net O2 20 


9 




SO 4> 80 

6O2 * S 

(R56) 

SO2 b 

SO ♦ 0 

(R9) (vnb) 

S ♦ O2 

so ♦ 0 

(R46) 

nst O2 

2 0 



Tbcae oyolts oonstltute a oruoial part of tba SO2 oxidation aohanea Via and 
VIb. Tbo roaaon for tbo bigb O2 prodiotod by tbo aodol lioa in tbo 
•ffioianoy of tba olasaio ohlorina oyola for oonvarting odd oxygon into 
aolaoular oxygon, first proposod for tbo Eartb'a stratospboro (Hofsy and 
MoElroy, 1974; Stolaroki and Cicorono, 1974; Molina and Rowland, 1974)t 


0 ♦ O2 ♦ M 

O3 ♦ M 

(R19) 

Cl 4. O3 

ao 4. 02 

(R39) (VIII) 

CIO ♦ 0 

Cl 4. O2 

(H44) 


not 2 0 C>2 

An inspootion of Figuros 4b and 4o in Winiok and Stowart (I960) rovoals 
that, indood, tbo offoots of eyol<^. Vila and Vllb aro noarly noutralizod by 
oyolo VIII. 

Is tbo offioionoy of oyola VIII, as dosoribod in Uiniok and Stowart 
(1980), unroaliatio? Again, analogy with tbo ohlorina oboaistry in tbo 
Earth's stratospboro will illuainsto tbo disouasion. In tbo Eartb'a 
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stratospbera the reaction CIO ♦ HO oompetea with CIO 0 (Logan et al.t 
1978} and can turn the chlorine cycle Into a null cycle: 


0 ♦ Og ♦ 

M O3 M 

(R19) 

Cl ♦ O3 

CIO * O2 

(R39) 

CIO ♦ NO 

Cl * NO2 

(R110) 

HO2 ♦ h 

NO ♦ 0 

(R96) 


net nothing 

The potential role of nitrogen oxides In the atmosphere of Venus uas 
discussed by Hatson et al. (1979)t who suggested the possible Importance of 
the NO^ (s N, NO, NO2, NO^, HNO2, HNO3) reactions that can break the 0*0 
bond: 


NO t- HCg 

NO 2 ♦ OH 

(R109) 

CO ♦ OH 

CO 2 ♦ H 

(R25) 

♦ Og ♦ M 

HO 2 ♦ M 

(R22) 


However, In view of the probable low abundance of oxides of nitrogen In the 
atmosphere of Venus (Stewart et al., I960; Scarf et al., I960), It Is 
unlikely that cycle IX and tne reactions proposed by Watson et al. (1979) 
can play a major role (see dlsousslo:: In later section). But there are 
analogs of these nitrogen reaotloi» on Venus. Recently Clyne and MacRobert 
(1981) showed that the reaction. 
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(R55) , 


CIO * SO Cl ♦ SO2 

Is fast. HsnoSf we have a null chlorine cycle, In which SO plays the role 
equivalent to NO In cycle IX: 


0 ♦ (^ ♦ 

M O 3 ♦ M 

(H19) 

Cl ♦ O 3 

CIO ♦ O 2 

(R39) 

CIO ♦ so 

Cl ♦ SO 2 

(H55) 

SO 2 ♦ h 

SO ♦ 0 

(R9) 


net nothing 

Since CIO and HO2 are chemically alike, we shall argue that the reaction 

HO2 ♦SO OH ♦ SO2 (®54) 

is also fast. We propose two aew catalytic schemes for oxidizing CO and 

SO2. 


H ♦ Og ♦ M HO2 ♦ M 
1/2(S0 ♦ HO2 SO2 ♦ OH) 

1/2(S02 eh SO ♦ 0) 
1/2(0 ♦ HO2 OH ♦ O2) 
CO ♦ OH CO2 ♦ H 


(XI) 
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net 


00 * I/2O2 CO2 


H I- O 2 

♦ 

M BO 2 <•> M 

(R22) 

SO f HO 2 


SO 2 * OH 

(H54) 

SO 2 ♦ h 


SO <•> 0 

(R9) 

CO <*• OH 


CO 2 ♦ H 

(h25) 

SO 2 ♦ 0 ♦ 

H 

SO^ ♦ M 

(R57) 

SOj ♦ H 2 O ♦ 

M 

H 2 SO 11 ♦ M 

(R64) 


(Zll) 


CO ♦ SO 2 ♦ O 2 ♦ H 2 O CO 2 ♦ H2S0ij 

Wlnlck and Stewart (1980) fixed the nixing ratio of H 2 to be 2 x 10*^t 
a value first suggested by HcElroy et al. (1973) and Sze and HcElroy (1974) 
on the basis of thermodynanlc considerations. Recent worlcs, based on the 
Pioneer Venus mission (Hoffman et al., 1980; Kumar et al., 1981) preferred a 
much higher concentration of H 2 in the upper and lower atmosphere of Venus. 
The role of H 2 4he photochemistry of chlorine compounds Is somewhat 
similar to that of CH]| in the stratosphere of the Earth (Logan et al., 
1978). The reaction, 


Cl ♦ Hg HCl H (H38) , 

turns an active chlorine radical Into a relatively Inert form of chlorine. 
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Howevert there are laportant reaotlona that oan reverae thla prooeaa 


0 ♦ HCl 

OH 4- Cl 

(R16) 

H * HCl 

H2 4. Cl 

(H21) 

OR HCl 

H2O 4. Cl 

(B27) 


One would expect, to first oroer, that the photoehealstry la not sensitive 
to the abundance of H2 (Sze aud HcElroy, 1974; Kumar et al., 1981). But 
this is not true in the updated models (Wlnlck and Stewart, 1980; this 
work). A major loss of liOj^ and CIO^ radicals is 

Cl ♦ HOj HCl ♦ O2 (H41) 

(Leu and OeMore, 1976). At low H2 concentrations (- 0.1 ppm) [Cl] » [H02J* 
But at high concentrations of H2 (- 10 ppm) [Cl] = [HO2], and hence H41 a 
k||i[Cl][H02] becomes more effective* Furthermore, SO 2 provides a 
heterogeneous loss of HO^ as Is assumed In the Wlnlck-Stewart model. 


SO2 ♦ OH ♦ M HSO3 ♦ M (H58) 

but ooXl In Sze and McElroy (1974) and Prlnn (1973i 1975). If Wlnlck and 
Stewart (1980) bad used the value of H2 auggested by Kumar et al. (1981), 
the concentration of free chlorine would have been lower by 2 orders of 
magnitude, thus avoiding the catastrophe caused by cycle VIII. 

There can be additional heterogeneous sinks for HO^ and Cl Ox radicals 
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In th« lower stratosphere* MeBlroy (private oommunioatioiv 1973) and Sse 
and Saqrth (1979) suggested that 

SO2 * H2O2 H2SQ4 (heterogeoeous) (R60) 

could oxidize SO2 and destroy HO^* Stratton et al. (1979) suggested that 


Cl SO2 M CISO2 ♦ M (R61) 


could be a sink for CIO^* 

The detailed mechanisms tor heterogeneous losses Implied by R58( R60 
and R61 have never been elucidated. The works of Davis et al. (1979) and 
Friend et al. (1980) offer plausible arguments that RS8 results In the loss 
of a HOx foi* terrestrial environments. We shall examine the validity of 
these arguments for conditions appropriate to Venus. 

The photochemistry of SO2 Is further complicated (and enriched} by the 
chemistry of (SO) 2 dimer, formed by 

SO ♦ SO ♦ M (S0>2 ♦ M (H79) t 

(Herron and Hule, 1980). The structure of the dimer is known (Lovas et al., 
1974). The OS-SO bond strength has been estimated to be 30-70 kcal/mol 
(Benson, 1978; Herron and Hule, 1980). The homogeneous chemistry of (S0)2 
can be summarized by two catalytic cycles: 
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net 


SO <•> SO M 

(S0)2 1 . M 

(RT9) 

(S0)2 ♦ SO 

SO 2 * S 2 O 

(R84) (XUI) 

S 2 O 4> 0 

2S0 

(R80) 

SO 0 

SO 2 



SO ♦ SO ♦ M 

(S0)2 ♦ M 

(R79) 

(S0)2 ♦ 0 

S 2 O ♦ O 2 

(R83) (XIV) 

S 2 O 4 . 0 

2S0 

(R79) 


net 0 ♦ 0 O 2 

Cycle XIII catalytlcally recomblnea SO and 0 and can be Interpreted aa 
an increase in the rate coefficient for 

SO ♦ 0 ♦ M SO 2 ♦ M (R50) , 

or decrease in the photolysis rate of SO 2 

SO 2 4- h SO 4 0 (R9) • 

The net result is the suppression of the cycles Via, by XI and XII. Cycle 
XIV is based on analogy with cycle XIII and results in oataly tically 
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reoomblnlog oxy8«n atoms. 

Nalr et al. (1963) suggsstsd that S2O Is ths anhydride of thlosulfurous 
aold (H2S202)* Friend (1981, private oommunloation)^ suggested that (80)2 
could be the anhydride of thioaulfurio aold (B2S2O3). He propose tuo 
speculative schemes: 

3(S02 ♦ h SO ♦ 0) 

2S0 ♦ M (50)2 ♦ M 
(80)2 ♦ SO S2O ♦ SO2 
S20 ♦ H20 R28202 

3(S02 0 ♦ M SO3 ♦ H) 

3(803 * H 2 O H2S0]|) 


net 5SO2 4H2O H222^2 ^ 3H2SO4 

2(802 * ^ SO •«- 0) 

2S0 ♦ M (S0)2 ♦ M 
(SO ) 2 ♦ H 2 O H 2 S 2 O 3 

2(S02 ♦ 0 f M SO 3 ♦ M) 

2(S0j ♦ H2O H2SO4) 

‘^We are also indebted to J. P. Pinto for drawing our attention to 
tbiosulfurio acid. It should t noted that going from (20)2 H2S2O3 
involves a major rearrangement o« the sulfur and oxygen atoms. 


(R9) 

(R79) 

(R85) (XVI) 
(R57) 

(R64) 


(R9) 

(R79) 

(R84) (XV) 
(R81) 

(R57) 

(R64) 
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4S02 * 3H20 H 2 S 2 O 3 ♦ 2H280 i| 


The raaotloDy 


S2O S $2 f SO (R80) 

is probably as fast as R79 and leads us to consider another speculative 
scbeoe, 


4(S0o2 so <•> 0) 

2(2S0 ♦ H S 2 O 2 ♦ M) 

2(S202 ♦ SO S 2 O ♦ SO 2 ) 


S2O <*• h S SO 
S ♦ SgO S2 ♦ SO 


4(S02 ♦ 0 ♦ M SO3 ♦ M) 
“(SOj ♦ H2 O H2S0u) 


(xvn) 


6S02 ♦ 4H20 4H2S04 ♦ S2 

The significance of schemes XV-XVII is twofold. First, these are the first 
known schemes for producing H2SO1) from SO2 without using CO2 derived oxygen. 
Secondly, atmospheric photochemistry can start with SO2 (oxidation state s 
4) and segregate it into a more oxidized sulfur compound, H2S04(oxidation 
state 8 6), and reduced sulfur compounds, H2S2O2 (oxidation state 8 1), 
H2S2O3 (oxidation state 8 2) and S2 (oxidation state 8 0). Similar systems 
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leading aegregatlon of oxidized and reduced ooapounda have been Inveatlgated 
by Tung and NoElroy (1979)i Pinto et al. (1980) and MoElroy et al. (1980/« 

Since 30 many uncertainties remalny we extend our discussion to include 
the chemistry of a miscellaneous set of compounds that are not important 
from the present point of view, but may become importantf should major 
revlsons in the chemical kinetics or observations be made in the future. N2 
and NO have been detected cn Venus (Oyama et al., 1979; Stewart et al., 
1979: Feldman et al., 1979: Stewart and Barth, 1979)* The photochemistry of 
odd nitrogen NO^ (N, NO, NO2, NO^, HNO2 and HNO^) is similar to that on Mars 
(Yung et al., 1977)* An understanding of the NOj^ chemistry on Mars and 
Venus today may advance our understanding of the nitrogen chemistry in the 
primitive atmosphere of the Earth (Yung and MoElroy, 1979)* To first order, 
NO^ chemistry is not important for the Venus stratosphere and we include 
only a brief discussion. The chemistry of COS and H28 involves too 
intimately the chemistry of the lower atmosphere and can only be treated 
adequately in another paper. We refer the reader to previous works on the 
subject of Venus (Prinn, 1973, 1975; Sze and Smyth, 1979) and recent works 
on Earth's atmosphere (McElroy et al., 19d0; Sze and Ko, I960). 

We have briefly discussed the photochemistry of the atmosphere of Venus 
In terms of 17 major chemical schemes and cycles summarized in Table 2. The 
discussion reveals at least three aspects of Venus photochemistry where 
previous treatments are inadequate: (1) the photochemistry of SO; (2) the 

sensitivity of photoohemlcal models to the abundance of H2; (3) the role of 
heterogeneous processes in the lower stratosphere. This paper will 
concentrate on these aspeots. A critical dlaousslcn on chemical kinetics 
will be given, followed by modeling results and a comparison between the 
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stratospberlo obsmistry of Vonus and Eartb* and a dlaooaaion on futura 
oxparlaanta oapable of dlatlnguiablng varioua modola. 
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2. Photoohamiatrv ^ Chamloal tlMtlQB 


Table 3a auaaarlzea the aoat laportant reaotlona for the aajor 
ooapouoda of oarbooi oxygaot bydrogeot ohlorlna and aulfuPf along with 
preferred valuea of their rate ooeffiolentai to be uaed in the standard 
model, model A. Tables 3b, 3o, and 3d inolude additional reaotlona of more 
speoulatlve nature, or lesser Importance, to be explored in alternative 
models, models B, C and D, respectively. Our set of reactions encompasses 
most of those considered in previous uorka, but has been critically assessed 
and updated. In general, the chemistry of carbon, oxygen, hydrogen and 
chlorine species is well defined, due, in part, to recent progress in the 
chemistry of the Martian atmosphere (MoElroy and Donahue, 1972) and the 
Earth's stratosphere (HAS, 1976; Logan et al., 197?; NASA, 1977, I960). Our 
understanding of the chemistry of sulfur is still at a rather primitive 
stage, even for the Earth's atmosphere (Crutzen 1976; Turoo et al., 1979: 
Sze and Ko, I960). Unfortunately, as we will show, the photochemistry of 
the atmosphere of Venus la, to first order, critically controlled by the 
coupling between sulfur compounds and the hydroxyl and chlorine species 
(this is not true in the Earth's stratosphere, where the relative abundance 
of sulfur compounds is three orders of magnitude lower than that on Venus). 

Most reactions in Table 3a have recently been evaluated by Kampaon and 
Garvin (1978), Hampson (1980), Baulch et al. (1980) and OeMore et al. 
(1981), and the reader is referred to these publications for a critical 
discussion. The rate constants for the followiog three-body reactions. 
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2 0 4> M 

O 2 4> M 

(R17) 

O 2 ♦ 0 4> M 

O 3 ♦ M 

(R19) 

H 4> 0^ 4- M 

HO 2 4- M 

(R22) 

H 4> H 4> H 

H 2 4 N 

(R24) 

SO 2 4- 0 4 M 

SO 3 4> H 

(R57) 

I 2 Cl 4- M 

CISO 2 4 M, 

(861) 


have not been measured for M * CO 2 . He have taken the rate ooefflolents to 
be ttfloe the oorreapondlng values for H • N 2 f to aooount for the greater 
effiolenoy of CO 2 aa a third oody. 

The photoohemistry of JO plays an essential role In breaking the 0-0 
bond in schemes Va,b and VI (see Table 2). The or oss- sections for SO 
photolysis, 

SO 4- h S 4. 0 (R8) , 

have recently been measured at JPL by Phillips (1981). The results are 
close to those estimated by Hinlok and Stewart (1980) on the basis of 
A na iog-> between the O 2 SO Schumann-Runge bands (Okabe, 1978; McGarvey 
and HcGratb, 1964; Colin, 1969: Krupenle, 1972; Smith and Liszt, 1971), end 
thus confirm the importance of scheme Va. The rate coefficient fcr 

2 SO SOj 4 . S (856) 

is probably an order of magnitude faster than that assumed by Hinlok and 
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St«M«rt (1960)t •• suggMttd by Barron and Hul«*a (1980) axpariaantt and 
thua sobaaa Vb oould ba avan aora laportant than waa thought. 

Tha auooaaa of tha sohaaas Vla,b orltloally dapanda on tha bond 
braaklng raaouon Stb, S ♦ 02t whloh la tha only alnk for S In our atandard 
aodal A (Tabla 3a). Tha raaotlont 

S ♦ CO2 CO ♦ SO H s 2.6 koal/aol 

la only allghtly andotharnlOf and oould ba laportant avan If Ita rata 
ooafflolant wara aa low aa 10*^^ or^ a~^. Howaver, until furthar 
axparlaenta ara parf oraad, wa conaldar tha braaklng of tha C-0 bond by S 
unlikely and we do not Include thla raaotlon In our ohaaleal aohaaaa. 

Clyna and MacRobart (1981) reported a faat rata ooafflolant for 

SO ♦ CIO SOj ♦ Cl (H55) , 

k s 2.3 X 10~^^cb3s*^. Since the bond atrengtha for C1»0 and H(^0 are both 
equal to 64 Koal/aol, reaotlona Involving HO2 alwaya bear great alallarlty 
to laoelectronlc reactiona involving CIO, aa demonatrated by the pair of 
reaotlona. 


»0 ♦ CIO HO2 > Cl kf^O s 1.8 X lO'^^oaBa”^ 

NO ♦ HO2 MO2 ♦ OH k)09 ■ 8.4 X 10*^2en3a"^ 


and tha pair. 
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0 ♦ v‘*3 O2 ♦ Cl IC44 > 5.0 X 10*' 

0 ♦ HO2 O2 ♦ OH k3f • 3.1 X 10*”c^a"' 

(D«Nor« «t al.f 1981). V« argu* that tba raaotloa, 

SO * HO2 SO 2 * OH (H54) 

abould be aa faat aa R55t and oould provide a major pathway for breaking the 
0-0 bond (aohemea XI and XII). The alternative braneht 

SO * HO2 HSO K O2. 

la probably alow, and la moat probably followed by 

0 ♦ HSO OH 4. SO. 

Thla would reault In recycling M0,( radlcala, and would be of aeooodary 
Importance even If the branching ratio were to equal unity. The reaction 
R54 seems to have been first noted by Sze and Smyth (1979) In an unpublished 
NASA report. However, the authors made an unrealistic estimate for the rate 
coefficient, ksq ■ 1 x 10“ 1^ cm3 a“1. 

The efficiency of the catalytic scheme for oxidation of SO2, 

SO2 4* HO2 SO3 4> OH (R59) f 

as oonaldered by Prlnn (1973* 1975) and Hlniok and Stewart (1980), Is 
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probably overestlaat^ Tho recent works of Orahaa et al. (1979) and Sander 
and Watson (1981) strongly suggest that k^^ < lO'^^oa^s'^t whloh Is orders 
of aagnltude slower than that preferred by the previous authors. The 
reaction, 


SO2 OB M HSO3 ♦ N (R58) , 

has been extensively studied (see Baulch et al., 1980) in connection with 
honogeneous gas phase oxidation of SO2 to sulfate. The recent works of 
Davis et al. (1979) and Friend et al. (1980) suggested that the ultlaate 
fate of HSO^ in the ataosphere is foraatlon of H2SO11 or related coapounds. 
It is assuaed that the hydroxyl radical in reaction R58 la consumed and not 
recycled. The possibility of recycling HO^^ was noted by Turoo et al. 
(1979), who, without discussing a detailed aechanisa, proposed a net 
reaction equivalent to 


SO2 4- OH SO3 4- H. 

The reaction R58 Is probably not as Important as schemes Va, b and VI for 
oxidation of SO2 on Venus, but could be Important as a sink for HO^. In 
addition, there are similar reactions involving HOx end ClOx* 

SO2 4- H2O2 H2SO4 (heterogeneous) (R60) 

SO2 4> Cl 4> M CISO2 * M (R61) 

An investigation of heterogeneous reactions is not the main thrust of this 
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wcrlu Smoval of gas aolooulos by aerosols Is slaply aodolsd as a not loss 
rate given by J » 1/4 wbere H, « nuaber density of aerosols (oa~3),A 

s aean surface area of aerosol (oa^)» v » tberaal velocity of gas aoleoule 
and s sticking coefficient. The profiles for and A are taken froa 
Knollenberg and Hunten (1980). The sticking coefficients are baaed on 
Baldwin and Golden (1979) and Golden (196l« private ooaaunioation): g q » 

1.6 X 10*3, radicals * OH • ^ * 10“*. It can be shown that 
heterogeneous losses are not laportant for moat species considered in our 
model, with the possible exception of R58, R60 and R61. In Table 3a (aodel 
A) we assumed, for simplicity, that all these three reactions result in net 
destruction of HO^ or CIO^^ 

An alternative set of reactions involving HSO^ are given in Table 3b. 
The crucial reactions that can retrieve the HO^ radical tied by HSO3 is 

HSO3 4-0 OH SO3 (R66) 

and HSO3 H2O •»- 0 OH ♦ H2S04* (R72) 

The rate coefficient for this type of hydrogen abstraction reaction 
correlates with exothermlclty, and on this basis we estimate a value of 1 x 
10**^^ cm^s'l for the rate coefficients for R66 and R72. We have little 
information on the thermodynamics and chemical kinetics of C S02* Ve assume 
that its properties are similar to HBO3. 

The recent experiment by Herron and Huie (I98O) suggested that the 
dimer (S0)2> formed by 


2 SO ♦ M (S0)2 1- M (R79) 
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l8 fairly stable. An analysis of tbelr experlaent suggests that the rate 
ooefflolent for decomposition by oolUslont 

(S0)2 f N 2 SO 4. M (R82) , 

must be less than 1 x lO'^^om^s'^. The fate of the diner Is of great 
Importance to the atmosphere of Venus. Herron and Huie (1980) suggested 

(S0)2 ♦ SO S2O SO2 (R84) . 

S2O is readily rmnoved by reaction with 0 and S| 

S2O ♦ 0 2S0 (R79) 

SjO ♦ S $2 ♦ SO (R80) 

(Stedman et al., 1974) or by photolysis 

S2O ♦ h S ♦ SO (R77) 

(Okabe, 1978). Since the bond strengths for OS-O (131 kcal/mol) and 0-0 
(119 kcal/mol) are similar, we postulate that the reaction 

(S0)2 ♦ 0 S2O O2 (R83) 

is as fast as R84. The net result of these sets of reactions can be 
visualized in terms of the three cycles XIU-XVI. 
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Table 3o auDaarizes a apeoulatlve aobema Involving reaetiona with 
(S0)2* The noat intereating aapeot of thla aohene la the poaaibllity that 
S2O la the anhydride of thloaulfuroua aold (H2S2O2) (Nair et al.« 1963)t 
that (S0)2 oould be the anhydride of thloaulfurio aold (H2S2O3) and the 
production of S2. Unfortunatelyy ao little la known about thla ayaten that 
Table 30 preaenta only a apeoulatlon. 

Table 3d Includea the ohealatry of oonpounda of leaaer Importance. But 
the Judgement on the relative Importance of theae oMopounda la aomeuhat 
arbltraryt and refleeta the current atatua of our knowledge (or ignwanoe). 
Hence, Table 3d la uaeful for future reference. We will briefly dlacuaa the 
cbemlatry of COCl. COCl la formed by 

CO 4- Cl ♦ M COa * M (R92) . 

It is destroyed by thermal de com position, 

COCl ♦ M CO ♦ Cl (H93) , 

and by bond breaking reaction with 02* 


COCl ♦ O2 CO2 ♦ CIO (R94) . 

The efficiency of schemes IV a, b critically depends on the magnitude of the 
quantity 

E = 
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Aooordlag to the eatlaetea of Kraanopol'akil and Parabev (1980a, b), * 3 

X 10*33 on^ a“\ * 1 x io“^20-32OO/T a“l and k^]| * 2 x 10*^^ on3 a* 

and henoe E s 2.2 x 10*^8 at room temperature. Our own neaaurementa, to 
be publlahed elaewhere, auggeated that B la probably 20 tlmea analler. Thua 
the high effiolenoy for aobenea (lVa,b) la oertalnly overeatlmated by 
Kraanopol'akil and Parahev (1980). The nitrogen ohemlatry abown In Table 3d 
la atralgbtforward, and la baaed on McConnell and MoElroy (1973)i Tung et 
al., (1977) and Tung and McElroy (1979). 
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3. llQdfil AflauMDtlona ^ AHPrftftQh 


The model atmosphere la taken from Wlnlok and Stewart (I960). Our 
model extends from 56 to 110 km. The oonoentrations of H2O and HCl are 
fixed at constant mixing ratios of 1 x 10*^ and 4 x lO**^! respectively (see 
Table 1). The mixing ratio of H2 equals 2 x 10*^ In the standard modelSt 
but lower values are explored In alternative models. The one-dlmenslonal 
continuity equations are rigorously solved for all major species with 
appropriate boundary conditions listed In Table 4. It Is not necessary to 
group the species Into families. He use a finite difference Iterative 
algorithm with 2 km resolution (Logan et al.t 1976; Allen et al.t 1961), 
except at the boundaries, where the resolution Is 0.4 km. The convergence 
criterion Is the requirement that successive Iterations yield solutions 
differing by less than one part In 10^. 

The solar flux between Lyman* and 4000S Is taken from Ackerman 
(1971) and Mount et al. (1961) and averaged over appropriate 50t Intervals. 
In the spectral region where the two sets of data overlap, Mount et al.'s 
(1961) data are preferred. The dissociation cross* sections for CO2 is taken 
from Sheoansky (1972), with temperature dependence correction based on 
DeMore and Patapoff (1972), 


P( ) * 0.5 ♦ 5 X 10-3( * 1740*)/1640* i i 1900t 
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P( ) « P(1900t) 


1900t) ^ i 2040« 


W« ohoose to apply a uniform temperature correction at 250 Beyond 
1900t, there la actually no laboratory data. Rather than extrapolating 
P( ) to alarming valuest we set all the oorreotlon factors beyond 1900S to 
equal that at 1900lt The additional dissociation of 0^ at Chappuls bands 
Is taken Into account by adding a mean dissociation rate 3.3 x 10'^s*^ to 
at all altitudes. The absorption cross-sections of SO2 have not been 
measured at temperatures appropriate to the stratosphere of Venus. We 
recently undertook these measurements at JPL (OeMore et al., 1981). At 
250°R« the cross-sections are about a factor of 2 lower than those at room 
temperature. In this work we adopt the JPL cross-sections measured at 
250°K. For dissociation cross-seotions we use quantum yields estimated from 
the fluorescence spectra given by Okabe (1971)* Since the cross-sections 
for SO2 SO near 2000X are highly structured, we subdivide the region 
I8OO-2320R into IOR Intervals. The averaged solar flux and cross-sections 
for CO2, S02t HCl and SO over this fine grid are given in Table 5. The mean 
dissociation rates for these pecies are calculated by the following 

formula: 


where s incident normal solar flux at Venus 


* optical depth * 
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■ average ooaine of aolar zenith angle 


and the other synbola have their usual meanings. To simulate midlatitude 
insulation, we set s 2/3. In the lower stratosphere between 58 and 70 
km, the solar radiation field is further attenuated by absorption by 
aerosols. This is roughly taken into account by reducing the incident solar 
flux by a transmission factor. 


T(z) a e-(70-z)/10 58 km i z i 70 km 

T(z) si z ^ 70 km. 

This choice of T(z) has been guided by the ultraviolet photometric 
observations of Ragent and Blamont (198O) over this altitude range. 

The eddy diffusivity profile in the upper atmosphere near the homopause 
(.140 km) has been determined by Von Zahn et al. (1979), who proposed the 
expression 


K(z) = 2 X 10^3/ M cm2 g-1 , 

where M s number density of ambient atmosphere in molecules enr3. Between 
58 and 110 km K(z) has not been determined, and we are guided only by the 
theoretical work of Prinn (1975) and the measurements of thermal structure 
by Selff et al. (1980). Figure la gives the temperature lapse rate derived 
from the day probe data of Seiff et al. (1980) by Pecbmann (1981, private 
communication). As pointed out by Selff et al. (1980), the region of the 
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atmosphere shove the oloud tops exhibits s stsble lapse rate and should be 
appropriately designated the principal Venus stratosphere. Henoe the trend 
of Von Zahn et al.'s (1979) K(x) in the lower stratosphere must be oorreot. 
By trial and trror, we arrive at profile A in Figure 1b for our standard 
model, model A. The high value, 3 x 10^ om^ s*^, around 70 km is essential 
for ensuring rapid downward transport of O2 to the lower atmosphere, and 
thus keeping its mixing ratio at about or below 1 x 10~^. The sharp 
decrease between 70 and 58 km is needed for reproducing the correct scale 
height of SO2 around 70 km, and for maintaining a reasonably high abundance 
of CO above the oloud tops. Since profile A seems somewhat artificial, we 
propose aother possibility, profile C, to be used in model C. 

We consider four models. The assumptions are summarized In Table 6. 
Model A adopts the set of reactions given In Table 3a. The mixing ratio of 
H2 equals 2 x 10~^ In the standardd model, but a range of other 
concentrations Is explored. Model B adopts an additional set of reactions 
Involving HS03I as listed In Table 3b. Model C pursues the consequences of 
(80)2 dimer chemistry. Model D treats a miscellaneous set of reactions of 
potential Importance to the chemistry of the stratosphere. 
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4. Auuitfl mdA BlaoMflion 


The results for models A-D will be sepsrstely discussed in the 
following psrsgrspbs. To fsoilitste oompsrisons with previous works, we 
oross-ref erenoe s selected set of the oruoisl psrsmeters snd rste 
ooeffioients in Table 7* All rste ooeffioients have been evaluated at 
250°K. The large differences between the various models reflect the 
progress that has been made in the past decade, and the unoertainties that 
remain. 

Model A 

Altitude profiles for the concentrations of CO, 0^ snd S02, as 
predicted by model A, and their comparisons with observations are presented 
In Figure 2. The computed abundance of CO in the lower stratosphere is 
somewhat lower than that suggested by the Infrared data of Connea et al. 
(1981), but consistent with the microwave data of Sohloerb et al. (1980) and 
Wilson et al. (1981). But the microwave measurements are not reliable in 
the lower parts of the atmosphere and we must put more weight on the 
infrared data. There are three reasons why we have too little CO; (a) the 
cross- sections for CO2 photolysis at 250°K, adopted in the model, are lower 
than those at room temperature by about a factor of 2; (b) our model 
assumes a high concentration for H2, which results in a high concentration 
of OH, of order 10^ om”3; (0) we choose an eddy diffusion coefficient at the 
lower boundary K s 3.5 x 10^ om^ s*^. 
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RMOtlon rat«s for tho major raaotiooa InvoXvad in tha produotlon and 
oonauaptlon of oxygon* R1 CO2 * » R25 CO ♦ OH and RS7 SO2 * 0* art givon 

In Figure 3. A detailed Inventory, traolcg through the budgeta and flows of 
the najor speolea, are ahown in Figures 4a and Figure 4b. In Figure 4b, the 
ooluan abundanoea above the cloud tops are given in units of 1 s 10^^ 
aoleoules oa*^. The flux units are 10^^ aoleoules oa~^ s~^. Figure 4b 
reveals the intlaate relations between the cheaistry of the upper 
atmosphere, driven by pbotooheaistry, and the lower ataosphere, do&inated by 
theraoobeaical equilibrium. The aean lifetimes of the gases CO, O2 and SO2, 
in the upper ataosphere are 2.9 x 10^, 6 x 10^ and I.3 x 10^ see, 
respeotively. The ooluan density of H2S0j( above 58 ka, as laplled by the 
data of Knoll enberg and Runten (I960), is 7 x 10^^ ca*^. The Stokes falling 
velooity for particles of radius equal to 1 is 2.7 x 10*^ ca s*^ and oust 
be added to the eddy velooity. The estiaated downward flux of H2SOH la 1 x 
I0I2 ca*2 s"1. Our ooluan production rate for H2SO]) is somewhat larger, 
but probably within the Halts of the uncertainties of the oeasureaents. We 
have assumed a constant mixing ratio for H2O. For production rates of order 
of this magnitude or higher, the availability of H2O may be a Halting 
factor, and aay account for the lack of horizontal homogeneity In the SO2 
abundances (Esposito and Gates, 1981). The predicted concentration of O2 1^ 
In reasonable agreeaent with the observed upper Halt quoted by Traub and 
Carleton (1974). The predicted ratio between the ooluan abundances of CO 
and O2 is about 10, considerably lower than the lower Halt of 45 laplled by 
the ooabinatlon of the data by Connes et al. (1968) and Traub and Carleton 
(1974). 

Altitude profiles for the major HOjj (h, OH, HO 2, H2O2) and CIO, (Cl, 
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CIO) sp«ol«s ar« prM«nt«d In Figure 5* A sobenatlo diagram ahowlng the 
aouroeab alnka and partitioning between the ROj nnd CIO^ apeolea la given in 
Figure 6a. Reaction ratea for the major reaotlona that produce BOj^ and 
ClOxi R2 HCl ♦ h and R16 0 ♦ HCl and major reaotlona that deatroy HO^ *nd 
ClOj^ R41 Cl ^ ^02* A58 SO2 ^ OBf R61 8O2 ^ Cl and R60 B2O2 ^ 8O2 are given 
In Figure 7* Reaction rates for R38 Cl * 82* 821 B ♦ BCl and R27 OB ♦ BCl* 
which determine the partitioning between BOj^ and CIO,^ are given in Figure 8. 
The concentration of CIO^ in our model la much lower than tboae In Sze and 
MoElroy (197A)t mainly due to the larger rate coefficient for Rtl (see Table 
7). The BOx oonoentratlona are much higher than tboae given by Hlnlok and 
Stewart (I960). The main tvaaon la the higher abundance of in our model. 
Figure 9 abowa a sensitivity study of the abundances of the major species 
CO, O2, SO21 OH and CIO as a function of H2 mixing ratio, while keeping all 
other parameters fixed. As f|) la deoreased towards 0.1 ppm, we approach 
the solution of Hlnlok and Stewart (1980). Hence the higher abundance of H2 
is essential for suppressing the concentration of CIO^ hence cycle 
VllI), thus bringing the predicted concentration of O2 into agreement with 
observations. 

The concentrations of oxygen species 0, 0(^D}, O2 and O3 are given in 
Figure 10. A schematic diagram summarizing the relation between the oxygen 
species is given in Figure 4b. Reaction ratea for reactions leading to the 
formation of the 0>0 bond, RI7 0 4- 0 ♦ M, R28 0 ♦ OH and R44 0 * CIO, and 
those leading to the breaking of the 0«0 bond, R46 S ♦ O2 and R54 ^0 ♦ HO2, 
are given In Figure 11. It oan be seen that R54, first postulated In this 
paper. Is extremely Important. The reactions R17 0 ♦ 0 ♦ M, R31 0 * HO2, 
839 O3 * Cl and 844 0 ♦ (UO are exothermlo enough to produce an O2 molecule 
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in tbf •xoltnd ^ ntat*. Howavari a naw 0*0 bond la foraad only In 
raaotions R17* R31 nnd R44. Tbt quantua jlald for produolng an 0£(^ ) in 

R17 baa boon oatlaatod to bo about 30f by Ogryalo (1961 t prlvato 
ooaaunloatlon)i in agrooaont with tbo quantum yiold obtainod by Blaok and 
Slangor (1961) for roooabination of 0 atoaa on pyrox glaaa. In our 
ooaputation wo aaauao a quantua yiold of 30f for producing 02(^ ) for R17f 
R31 and R44. If tbo quonobing rato oooffioiont ia 1 x 10*60 (goxon ot al.* 
1976; Traub ot al., 1979; Connoa ot al.t 1979) only production abovo 66 ka 
will oontributo to the airglow obaonrod by Connoa ot al. (1979)* Tbo ooluan 
oaiaaion ratea of 02(^ ) 02(^ ) 1.27 for R17# R31 and R44 aro 3 > 

10^^, 1.6 X 10^6 iiQg q X 10^^ oa*6 s*1, roapootivolyi giving a total 
oaiaaion rato of 5 x 10^^ oa*6 or 0.5 MR. Tbia valuo abould bo ooaparod 
with tbo obaervod brigbtnoaa of 1.5 and 1.2 MR on tbo dayaido and nlgbtaidOy 
reapoctivoly (Connea ot al.« 1979). In tbo Earth'a ataoaphoro, tbo dayglow 
at 1.27 ia about 30 MR, and ia doainatod by oontributiona froa 

O 3 ♦ h OgC’ ) ♦ 0(b) (R5a) . 

The nightglow ia about 100 kR, arising moat probably from the similar 
reactions R17, R31 in tbo aeaospboro. Connoa ot al. (1979) rooognizod that 
the lack of a largo oontrast in tbo Vonuaian dayglow and nightglow can bo 
uaed to sot an upper liait to tbo abundance of Oj* In our model, the ooluan 
abundance of O3 ia 2.2 x 10^^ oa*6, aod tbo additional contribution to tbo 
dayglow by R5a la 0.3 MR, and bonoo prodiots a slightly bigbor difforonoo 
bowtoon dayglow and nightglow. 

Altitude profiles of tbo aajor sulfur apooios S, SO, SO2 and SO3 are 
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•hown In figar* 12. A sobaantio dlagrna givan in Flgura 4C abowa boa tba 
aulfur apaoiaa ara partltlonad. Tba apaoulatlva obaalatry involving tba 
dinar (S0)2 ia not oonaidarad in tbia nodal. Tba aajor raaotiona that 
oontrol tba oyoling bataaan SO2 «nd SO ara givan in Figura 13: R9 8O2 ^ 
b t R50 SO <•> 0 ♦ M, R54 SO ♦ BO2, R55 SO CIO and RS6 SO SO. Figura It 
givaa tba aajor raaotiona tbat oontrol tba oyollng batuaan SO and S: R8 SO 
♦ b y R46 S ♦ O2 and R56 SO ♦ SO. 

Wa oan gain furtbar inaigbt into nodal A by deriving and axaaining a 
aet of aiaple analytio aolutiona that oan approxiaata the nuaerioal 
aolutiona diaouaaed in the pravioua aeotiona. Inapaotion of Figura 3 
auggeata tbat tba oheaiatry in the atratoaphera of Tenua oan be roughly 
divided into two diatinot regiona. In the upper atratoaphere near and above 
70 ka, the dominant oheaiatry ia CO2 raooabinationt oatalyzad by HO^. In 
the lower atratoaphere between 60 and 70 ka, SO2 oxidation to H2SO]) ia the 
primary prooeaa. The two regiona are, to firat ordery decoupled from eacb 
otheTy at leaat for the abort-lived apeciea. 

We aball make the approximation that in the upper atratoaphere the 
concentrationa of the long-lived apeciea CO2, COy 02y H2 and HCl are 
controlled by tranaport. Inapectlon of Figure 6a and b enablea ua to write 
the following approximate relatione for the partitioning of tbe and CIO^ 
radioala: 
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Balancing the production and loss of and CIO^ , we have. 


J 2 CHCI] s k4^[Cl][H02l (5) 

Oslng (1) - (5) ue can express all the radicals In terns of [OH], 


where 


The net source of oxygen Is CO 2 photolysis (R1). The sinks for oxygen In 
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this region of the stnosphere ere CO2 oxidation b]r OH (B25), and production 
of O2 K17i R28 and R44. Henoot we have 

k25[C0][0H] ♦ 2 M [0]^ ♦ 2 kggCOlCOH] 

* 2 k44[C10]ro] 8 J^[C02] • 03) 

Equation (13) can be expressed In terms of [OR] alone using (6) - (10)» 

k25[C0][0H] 2A(k28’*-Bk44K0H]3 ^ 2A2k^YM[0H]'' 

« Ji£C02] (14) 

Equation (14), a quantlc algebraic equation in one unknown, can be solved 
analytically, and the answer closely reproduces the numerical calculation. 
However, the algebraic expressions are somewhat unwleldly and not 
particularly Illuminating. All the essential physics Is actually contained 
In equation (14), which describes the fate of CO2 derived oxygen in the 
upper stratosphere. Note that from (11) and (12) the coefficients A and B 
are both Inversely proportional to the concentration of H2< At high H2 
concentrations, the balance In equation (14) Is between the first term on 
the LHS and the RHS, and most of the oxygen Is consumed by CO2 
recombination. At low concentrations of H2, the balance In equation (14) Is 
between the second, third and fourth terms on the LHS with the RHS. In this 
case, CO2 recombination Is suppressed, and the fate of atomic oxygen Is to 
recombine to form 02* 

In the lower stratosphere, from 58 to about 70 km, the photochemistry 
Is dominated by that of S02* He can Ignore the chemistry of C02i and 
ClOjp except for the downward transport of O2. The distribution of SO2 In 
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tbe lower stratosphere Is determined by diffusion from the lower stmosphere» 
end photoohemloal oonversion to H2SO4. The equstlons governing S(^ are. 


where n • number density of SO2 (em~3) 
s flux (cbt2 s"^) 

H s mean atmospheric scale height (cm) 

K s eddy diffusion coefficient (cm^ s*^) 

L s Irreversible loss rate coefficient (s~^) 

If we assume that K, H and L are constants (as a rough estimate), equations 
(15) and (16) can be solved in closed form, 

n(Z) a c(Zq) e-(Z-Zo)/H» (^7) 

(Zq) a Kn(Zo) (18) 

where 

Zq a 58 km 

It is clear that the effective scale height of S02t H*, reflects the 
relative importance between chemistry and transport, 

line H* a H (20) 
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line H* 8 


Inspeotion of Figure 6o abows that oyollng between SO 2 and SO la 
adequately deaorlbed by 

J9CSO2] 8 k5o[SO][0] ♦ k5j[SO]2 (22) 

Since the alaple aulfur chemlatry In Table 3a alloua for breaking the 0-0 
bond by R46, S * O 2 , but oontalna no reaction for forming the 0-0 bond, we 
can aaaume that every (^0 bond that la roken by R46 leada to the formation 
of SOj (and eventually H 2 SO 11 ), 

‘^46CS][02) 8 JgCSO] ♦ k55[SO]2 (23) 

a k9Y[S02)C0) (24) 

In arriving at (23) and (24), we have made two additional aaaumptlona that 
R49, SO ♦ HOj, and that the oxidation of SO 2 la not limited by O 2 aupply. 
The first assumption is fairly good near the cloud tops. The second 
assumption will be critically examined later. Combining (22) - (24), we 
have one equation for [SO], 


This la a cubic equation In [SO] and can be aolved analytically. But the 
algebraic expreaalona are complicated and not Uluminatlng. The solution la 
particularly simple If the first term on the LHS dominates (this la true 
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above 65 ka). Thenb wa have, 


A similar expression can be derived for [0]. We can noN evaluate the loss 
rate of SO^t 


USOj] * kg^tSOjlCO] 
s Jg[S0] 


The ilgebra Is much more complicated If we have to solve (25) exactly, but 
the essential physics Is Illustrated by the simpler solution (27)« Equation 
(27) can be used with equations (19) and (17) to determine the vertical 
profile of SO 2 . That the rate of SO 2 destruction Is Independent of the 
concentrations of 0 and O 21 ^3 Implied by (25), Is somewhat surprising, but 
Is the direct consequence of the assumption that R46, S O 2 , Is the only 
sink for S, a most reasonable assumption. But this Implies that q , the 
downward flux of O 2 from the upper stratosphere, must be such that, 

dz L [c02] s 2 




o 


( 28 ) 



Henooi we need a high eddy dlffualon ooefflolent at around 70 km to Inaure 
the rapid transport of O2 to the lower atmosphere. Within the framework of 
the ohemlcal model Table 3a, we are foroed Into a solution with high rate of 
SO2 oxidation. No amount of fine tuning, with the eddy dlffuslvity profile, 
for Instance, can produce a radically different solution. 

We are now In a position to critique the weaknesses of model A. First, 
the predicted abundance of CO Is too low, by about a factor of 2.5, when 
compared with the Infrared data (Connea et al., 1968). Second, the 
predicted production rate of H2SO4 Is too high, about a factor of 3, when 
compared with the rate Inferred from the data of Knollenberg and Hunten 
(1980). Third, the eddy dffuslvlty profile needed to produce a sensible 
solution, while not violating any observations (because none exists). Is 
somewhat artificial. The above weaknesses are not fatal, but uncomfortable. 
On the other hand, we must recognize that we have made a number of 
simplifying assumptions In trying to model the atmosphere by a one- 
dimensional model. The atmosphere of Venus Is not homogeneous horlzoot-'<lly 
(Schloerb et al., 1980; Esposito and Gates, 1981) and agreements to within 
factors of 2-3 are all that can be demanded of this type of models. To 
refine the model, we must resort to at least two-dimensional. 

Part of the problem lies In the magnitude of L, as given by (25)« From 
(19), we have 


K 8 LH« (26) 

Since H* has been observed to be about 2 km (Wlnlck and Stewart, 1980; 
Esposito and Gates, 1981), we must choose a high K at the lower boundary to 
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satisfy tbe SO2 obsarvatlons. But a hlgbsr K oausas rapid transport of CO 
to the lower ataospbersf thus lowering its abundance above the cloud tops. 
All three difficulties will be alleviated if L is lower. But this demands a 
radical revision of the cbemlstary as listed in Table 3a> This possibility 
is explored in model C, with a set of reactions given in Table 30. 
Onfortunately, as we shall s«e, a lower value for L aggravates the oxygen 
problem. 

Hodel B 

The chemistry of HSOj has recently been investigated and modeled by 
Oavls et al. (1979) and Friend et al. (I960). The authors concluded that 
the formation of HSO^ is followed by heterogeneous phase conversion to H2SO11 
and related acids. Thus the reaction R59 

SO2 OH f M HSO3 ••• M 

represents a net loss of This case is modeled by model A. In model B 

we examine the possible reactions of HSO^ with other radicals, 0, H, OH, Cl 
and Itself. A simple speculative scheme Is given in Table 3b. We argue 
that the chemical environment In the atmosphere of Venus could be quite 
different from that on Earth. Specifically, the higher abundance of atomic 
oxygen could imply 

♦ >^68tOH] ♦ kgjLCl] ♦ k 7 o[HS 03 i 
and k72C0] > k73[H] ♦ k74[0H] ♦ k75[Cl] ♦ k76[HS03] 

In this case HSO^ la still oxidized, but the hydroxyl radical is not 
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oonsuffled. The oonoeotratlona of HSO^ and HSO3 * R2O predicted by model B 
are aummarized In Figure 15* The Important production and loan ratea for 
HSO^ and HSO3 * H2O are given In Figure 16. The oonoentratlon of OH la 
about 60S higher than that in model A« and oauaea a 3OS deoreaae In the CO 
oonoentratlon at 62 km. Otherwlae, the reaulta of model B and A are very 
almllar. 

Model C 

In thla model we want to explore aome new chemlatry Involving the (20)2 
dimer. In the Model A aectlon we diaouaaed the dlffloultlea of model A and 
indicated a preference for a aolutlon with lower value for the rate of SO2 
oxidation. The (S0)2 chemlatry allowa for the poaalblllty of a catalytic 
cycle like cycle (XV), whoae net effect la 

SO 4- 0 SO2 • 

Thla ia equivalent to Increaaing kjQ in (25), and will reault In a lower 
value for L. A apeculatlve chemical acheae with thla objective In mind la 
preaented In Table 3c. Inapectlon of Figure 6c auggeata that 



[(S0)2l 

(27) 

and 

[S2O] 

(28) 


Since the RHS of (22) la now completely dominated by the new term R79t ue 
have. 
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Jg[S02] lc<^9CS20][0] 


( 29 ) 


Solving for [SO] and uaiag (23) ood (24), we have, 

L[S02) a kg^[S02[0] 

JaCso] 

Ja (30) 

Unfortunately, the key rate ooefflclent, k<^a, which deteralnea the stability 
of the dlffler (S0)2 towards thermal deoonposltloi^ has not been measured. We 
assume a somewhat arbitrary value of 1 z 10*^3 om3 s**^. This results In a 
much lower rate of SO2 oxidation. The number densities of 0, S, SO, S02, 
S2O and (S0)2 predicted by model C are shown in Figure 17< The production 
rates of H2SOJ}, H2S202, H2S2O3 and $2 ore given In Figure 18. A comparison 
of the major predictions of model A and C Is shown In Table 8. The 
concentration of CO, and the rate of H2SOJJ production are now In better 
agreement with the observations, but O2 In slightly higher. The model 
allows for modest production rates for thiosulfurous acid, thlosulfurlc acid 
and 82* T4 must be emphasized that these results are based on pure 
speculation. 

It 1s clear that If we were to adjust the rate coefficients of the 
reactions R80, R8l and R85t wn could enormously Increase the efficiencies of 
the schemes (XV), (XVD, and (XVII) for production of H2SO4, H2S2O2* H2S2O3 
and 82* Since these schemes are not limited by oxygen supplied by CO2 
photolysis, the production rates are limited only by SO2 photolysis rate • 1 
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X 10^3 8'^. Suoh 8 808n8rlo l8 unlikely above the oloud topa, tbougb. 

The CO obaervatlon denanda a low K at 58 kn, and thla In turn llaita the 
total loaa of SO2. 

Model D 

Table 3d aunmarlzea the aet of reaotlona uaed In nodal D. The nuaber 
denaltiea of Cl2« ClOO, HOCl and COCl are ahown in Figure . The 
conputatlona were perforaed by bolding fixed the number denaltiea of all 
relevant apeelea coaputed In model A. Prlnn (1971) argued that C1(X) could 
be important aa the key apeolea for breaking the 0-0 bond In cycle (I). 
Prlnn (1972) eatlaated that the rate coefficient for 

ClOO ♦ M Cl ♦ O2 ♦ M (R89) 

could be aa low aa 5*2 x 10'^ e-4040/T. gubaequent aeaaureaent auggeated 
that kgg s 2.7 X 10*^ e-2650/T, anblent tenperature in the Venualan 
atratoaphere 250°K) thla rate coefficient la 2 ordera of magnitude faater 
than that aaauaed by Prlnn (1972). Hence cycle I becoaea totally 
Ineffective. 

Kraanopolaky and Parahev (1980a, b) and the preaent autbora argued that 
OOCl could play a role In oyclea IVa,b. The preaent calculationa Indicate 
that COCl doea not play any algnlflcant role In breaking the 0-0 bond. The 
reaaon fcr the difference between our conclualon and that of Kraanopolaky 
and Parahev (1980a,b) la that we have 5 ordera of magnitude more H2 In our 
model (aee Table 7) and we have uaed a higher value for the rate coefficient 
for R93. 
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coa 4 M 


CO 4 Cl 4 M 


t 


on the basis of our own szpsriasnts. 

The altitude profiles for the odd nitrogen speolest Nt NO* NO2, NO3, 
HNO2 and HNO3 are given In Figure 20. In the NO^ oaloulatlonsy the 
oonoentratlons of all speoles oooputed In model A are held fixed. The only 
souroe of NO^ Is s downward flux of atomic nitrogen equal to 1 x 10^^ atoms 
cffl'^ s**^ at the upper boundary at 110 km. Most of odd nitrogen Is destroyed 
In the upper stratosphere by Rlllt 

N 4 NO Np 4 0 • 

The rest of the odd nitrogen la lost to the lower atmosphere as NO. We have 
not Included any source of NO^ due to lightning (Watson et al.« 1979)* 
because there la probably no lightning In the stratosphere, and It Is 
unlikely that NO,^ produced In the lower atmosphere can diffuse upward to the 
cloud tops. Using the concentrations of NO^ species given in Figure 20, It 
can be shown that HI 09, 


NO 4 CIO NO2 a- Cl , 

Is not Important, when compared with R55, and that R112, 

NO2 ♦ 0 NO 4 O2 , 

Is not an Important sink for odd oxygen. 
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Molaoular bjdrogen 

Our pbotootatmloal aodtliag supports tbs bigb oooosotrstion of H2 
reoontly Inferrod by Kuasr «t si. (1981). Tbs prossoos of ordsr of 10 ppa 
Is needed to drive tbe OH aedlsted CO2 reeonblostion ostslytlo oyoleSi end 
for suppressing tbe oblorlne cycle tbst lesds to produotlon of 02* It 
renal ns s cbsllenglng problem to understand wby tbe Venusian staospbere bss 
so nucb H2« Direct photocbenlcal production of H2 sb<9ve tbe cloud tops Is 
negligible. Tbe only known reservoirs of hydrogen species In tbe 
strstospbere is HCl sod H2O. Pbotocbenlcsl destruction of H2O 
exceedingly slow due to nearly complete shielding of ultraviolet radiation 
by CO2. Conversion of HCl Into H2 in aodels A and C la small. But even If 
complete conversion of HCl were possible, this would yield only 0.2 ppm H2. 

Tbermocbenloal equilibrium In tbe lower atmosphere yields tbe following 
relations between H2, H2O, H2S, CO, CO2 and COS: 
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Tht •quillbrlUB oooataots K2 and K3 bav* baan avaluatad uaint data 
praaantad in tba JANAF Tbaraoobaaioal Tablaa (197D* Nota that ■ ^2^3* 
Tbaaa aquUlbrlua ralatlona ravaal that H2O and H2S oould provlda a aourea 
of R2 at laaat in prlnolpla. Howarar, In tha ragiona of tha atnoapbara 
wbara aquUibrua oan ba rapidly aatabllahad, tba pradlotad H2 la of ordar of 
3 X 10*9. Hanoa It la unllkaly that tbamoobanloal aquUlbrlua obaalatry 
oan aalntaln a oonoantratlon of H2 of ordar 10 ppa In tha lovar ataoaphara. 
On the contrary, tba lower ataoaphara near tha aurfaea nay ba an laportant 
alnk for H2, oonvertlng H2 Into H20. whlob la aora atabla tbaraodynaaloally. 

Aa pointed out by Kuaar at al. (198l)t the production of H2 lo tba 
lower ataoaphera probably Ineolvea dlaaquUlbrlua obealatry. driven parbapa 
by abaorptlon of near ultraviolet or vlalble radiation by aulfur polyaera 
(Prlnn, 1978. 1979)* Thera haa bean no theoretical or exparlaental atudy on 
the production of polyaulfur froa S02* On the baala of the reaction. 

S ♦ Oj 50 ♦ 0 (M6) , 

Winlck and Stewart (1980) argued that generation of polyaulfur 
photochemically la not poaalble. We have extended the work of Winlck and 
Stewart (1980). and preaented. In model C. the poaalblllty of making a 
variety of dlaequlllbrlum aulfur compounda: S2. S2O. (50)2. H2S2O2 and 
^2^203* prevloua photochemical atudlea of Venua the arrow of 

oxidation waa aaaumed to have one direction for aulfur compounda. auob aa 
from COS to H2SO4 (Prlnn. 1973. 1975) and SO2 to H2SO1, (Winlck and Stewart. 
1980). In thla work (model C) we flrat ralae the poaalblllty of the 
aegregatlon of thla chemical ayatem Into more reduced and a more oxidized 
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ooapounds slaulUMOualy by th« sobaaaa XV - ZTIII. Tba pbotoobaaioal 
produotioD and downward tranaport of tbla aot of blgbly roduoad 
dlaaquUlbriuB produota nay bavo profound laplloationa for tba obaalatry of 
tba lowar ataoapbara. Howavart tba look of auffloiant laboratory data doaa 
not parait ua praaantly to awaluata tba ooaaequanoaa of aodal C. 

Coaparlaon wltb Earth* a atratoaphera 

In raeant yaara, oonaldarabla effort baa been directed to underatand 
the prooeaaea that control tba abundanoa of ozona in tba Earth'a 
atratoaphera, and to aaaeaa tba lapaot of parturbationa by auparaonio 
tranaport (SET) aviation (Crutzan, 1970; Johnaton, 1971; MoElroy at al., 
1974)t the releaaa of oblorofluoroaethanaa (Molina and Rowland, 1974; 
HoElroy et al., 1974; Cloerona et al., 1974; Hofay et al., 1975; NAS 1976; 
NASA, 1977, 1979: Crutzan at al., 1978), and the raleaaa of N 2 O aaaociated 
wltb tba uaa of fartlllzara In agrloultura (McElroy at al., 1977; Logan at 
al., 1976). The obaalatry of the atratoaphera of Venua offera a valuable 
ayatea for testing and extending our knowledge of the cbemlatry of the 
Earth'a atratoaphera. In fact, blatorlcally, the chlorine chealatry of 
Venus was developed before the iaportance of chlorine cheaistry in the 
Earth's ataosphere was recognized (Prlno^ 1971; MoElroy et al., 1973). 

Table 9 suaaarlzas a coaparlaon of soae essential aspects of 
stratospheric chealatry on the two planets. The an blent pressures and 
teaperaturas are coaparabla. Tba abundances of chlorine and sulfur species 
on Venus are about 200 and 500 tlaas, raspectlvaly, larger tban those on 
Earth. The MoUna-Rcwland ohlorlne cyola for catalytic conversion of odd 
oxygen Into aoleoular oxyga.? Is aalnently laportant for both planets. In 
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the Earth's stratosphere, the effeotlveness of the chlorine oyole Is 
suppressed by the reaotlon, 

Cl * CH 4 HCl CH 3 , 

which turns an active chlorine radical Into a relatively Inert form as HCl. 
On Venus, reaction R38, 


Cl ♦ H 2 HCl H , 

plays a similar role. Indeed, If the chlorine cycle were allowed to operate 
unchecked, the amount of O 2 produced could easily violate the observed upper 
limit, as In Hlnlck and Stewart (1980). 

Logan et al. (1978) pointed out that there is a synergistic effect 
between ozone perturbations by chlorine and odd nitrogen, such that the 
impact of tbe Moll na-Rowl and cycle Is mitigated. The crucial reaction is 

CIO <•> NO Cl NO 2 , (R110) 

which leads to a net nothing cycle and competes with the reaction that 
destroys odd oxygen. 


CIO +0 Cl ♦ O 2 . (R44) 

On Venus, NOx deficient. Instead, the reaction 


I 
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CIO ♦ so 


(R55) 


Cl ♦ SO 2 

% 

plays a siallar role as (R110) and amounts to as auoh as 25]^ of R44. 

Removal of active radloalSt suob as OHt Cl and H 2 O 2 by beterogeneous 
processes In tbe Earth's stratospbere is a subject of great Interest* since 
sucb losses could reduce tbe impact of cblorofluorooarbons on ozone. Tbe 
current understanding is that beterogeneous processes are not important 
(Baldwin and Golden, 1979: NASA, 1979)i except perhaps during periods of 
enhanced volcanic activity (Stratton et al., 1979). However, in tbe 
stratosphere of Venus, SO 2 is much more abundant and provides an important 
heterogeneous sink for OH and Cl in our models A and C. Unfortunately, tbe 
kinetics of heterogeneous chemistry of sulfur compounds is not sufficiently 
well understood to firmly establish the importance of this possibility. 

In the assessment of the impact of SST aviation on the ozone layer 
(NcElroy et al>, 1974), a major revision of tbe conclusions had to be made 
on account of reaction R109 (Howard and Evenson, 1977), 

NO ♦ HO 2 NO 2 ♦ OH 

which deatro 2 's odd oxygen. On Venus, the analog of R109 is R49, 

SO * HO 2 SO 2 ♦ OH . 

Reaction R49, together with R46, 

S ♦ O 2 SO ^ 0 , 
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are extremely Important for breaking up and ualng molecular oxygen for SO2 
oxidation. Although the rate ooeffieient haa not been meaauredy we 
believe that our eatimatei aa given in Table 3at muat be good to within a 
factor of 2. 

Broad'band UV abaorber 

In the extenalve atudy on the diatrlbution and aouroe of ultraviolet 
abaorptlon in the Venuaian atmoaphere, Pollack et al. (198O) concluded that 
the abaorptlon from 0.2 to 0.32 could be adequately accounted for by SO21 
but the identity of the abaorber for the region 0.32 to 0.40 la uncertain. 
Pollack et al'a tentative auggeatlon of gaaeoua CI2 aa a poaalble candidate 
la incompatible with our modeling reaulta (aee aeotlon Model D). In our 
photochemical model (Model C}| we explore the chemlatry of a number of 
intereating aulfur compounda: S2» £2^* (S0)2» H2S2O2 and 828203* It la 
conceivable that aome of theae compounda may explain the obaerved UV 
abaorptlon longward of 0.32 . Experimenta on the optical propertlea of 821 
(80)21 ^£^2^2 H2S2O3 muat be done to aaaeaa thia poaalbllity. 
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Conolualona 


H« have presented ohenloal nodels of the stratosphere of Venus that oan 
satisfaotorlly aooount for the observations. In the upper stratosphere 
70 km) CO2 recombination is mediated by cycle II. The reaction R25t CO ♦ 
0H| plays a crucial role, with the hydroxyl radical supplied by HCl 
photolysis. The oxygen atoms that are not consumed by CO recombine to form 
O2 via RI7, 0 <*• 0 M, R28, 0 OH and R44. CIO * 0. The reactions R17i R31 
0 H02> nod R44 may provide major sources of 02(^ ) emission at 1.27 • 

Molecular oxygen that la transported dounuard to the lower stratosphere (• 
58-70 km) can be used to oxidize SO2 to H2SO11 by the schemes Va, b and XII. 
The crucial reactions that break the 0-0 bond are R46. S ♦ O2 and R54, SO ♦ 
HO2. The presence of a high H2 concentration (- 10 ppm) is preferred by our 
models. 

There remain a number of uncertainties in the models that could be 
removed by suitable observations and laboratory experiments. A recommended 
list is summarized in Table 10. The species O2, SO and H2 occupy a central 
position in our chemical schemes. They have not been directly detected by 
spectroscopic observations. The quantum yields for producing 02(1 ) in 
reactions RI7 and R44 have not been measured. The rate coefficient for the 
0-0 bond breaking reaction R54 has not been measured. In addition, the 
chemistry of (S0)2 dimer, which could lead to the formation of interesting 
compounds such as S2, H2S2O2 and H2S2O3, is almost totally unknown. 

The distribution of major chemical species in the stratosphere has been 
observed to be inhomogeneous horizontally. The one-dimensional 
photochemical model is a crude approximation and can only reproduce the 
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observations to wltbln faotors of 2-3* To reallstloally model the 
stratosphere, and to study the latitudinal and longitudinal variation, ite 
must resort to at least a two-dimensional model. Observations of the global 
distributions of CO, Sp 2 „ 0, O 2 and R 2 SO 4 aerosols are needed. 

The ohemlstry of the stratosphere of Venus bears Interesting 
similarities to that of the Earth. On both planets, the classic Mollna- 
Rowland cycle for catalytic conversion of odd oxygen Into molecular oxygen 
(cycle VIII) Is Important. In the terrestrial stratosphere, the efficiency 
of cycle (VIII) Is Inhibited by Cl * CH|| and CIO * NO. These Inhibiting 
reactions have almost exact analogs In the Venusian stratosphere In R 38 , C 
H 2 and R55, CIO •*> SO. Heterogeneous removal of HO^ and ClOj^ radicals by SO 2 
Is most likely to be Important on Venus, whereas similar processes are 
probably not Important In the terrestrial stratosphere. The reaction NO 
N02» which la critical for the assessment of the Impact of SST and 
fertilizer on the ozone layer In the terrestrial stratosphere, has a 
Venusian analog In the reaction R54 SO •*> H02* To view of such obvious 
similarities between the chemistry of the stratospheres of Venus and the 
Earth, comparative studies of both planets will be fruitful. 
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